Abstract. To help identify the strengths of proposed software measurement methods, this paper proposes an analytical approach based on metrology concepts documented in the ISO International Vocabulary of Basic and General Terms in Metrology. This approach is illustrated with a case study using one specific functional size measurement method recognized as an ISO standard: COSMIC-FFP (ISO 19761) . The case study documents the metrology concepts addressed in this ISO standard, either in the design of this measurement method or in some of its practical uses. It illustrates, for instance, that the design of COSMIC-FFP encompasses a large number of related metrology concepts. It is suggested that such a review using metrology criteria be used to analyze other software functional size measurement methods, as well as other software measures suggested to industry.
Introduction
Hundreds of software measures have been defined in the software engineering domain and proposed to industry. However, only the following have successfully undergone the rigor of international standardization: the quality measures in the ISO 9126 series [8] , and three functional size measurement methods, among them ISO 19761 -COSMIC-FFP [10] . Software functional size measures are used in particular to compare the productivity of software projects (internally or across organizations), for project effort estimation and for the control of functional changes over a project life cycle. The use of such standardized measures is important to ensure comparability of measurement results between projects and between organizations; indeed, it would not be relevant to compare numbers based on distinct (and not standardized) measurement methods. Without the use of standards, ideally those officially recognized internationally, software agreements between customers and suppliers are prone to a variety of interpretations and, often, to conflicts.
A large number of software measures are defined based on the intuition of their authors. When subjected to the scrutiny of researchers, they are often investigated only from the perspective referred to as "measurement theory" (i.e. their mathematical properties) [5, 6, 11] . However, in other science and engineering disciplines, it is the domain of knowledge referred to as "metrology" that is the foundation for the development and use of measurement standards, measurement instruments, and measurement processes [3] .
In this paper, we propose to use our initial modeling [2] of the sets of measurement concepts documented in the ISO International Vocabulary of Basic and General Terms in Metrology -VIM [7] to investigate whether or not the full set of metrologyrelated concepts has been taken into account in the design and application of software measures. To illustrate this approach, one specific type of software measure, that is, COSMIC-FFP (ISO 19761), a functional size measurement (FSM) method, has been selected as a case study. This choice was based on the following criteria: 1) when compared to other types of software measures, FSM methods are supported by much more detailed operational descriptions than those for most other software measures; 2) only software measures of this type have undergone the rigor and scrutiny of international standardization and have reached the status of official ISO standard (it should be noted that the ISO 9126 series, with its set of definitions of quality measures, is an ISO technical report rather than an international standard per se). This paper will therefore use ISO 19761 [10] for illustrative purposes to explore whether or not such a software measure encompasses most -if not all -of the classic metrology concepts.
The paper is organized as follows: Section 2 presents an overview of the metrology concepts documented in the VIM and of a specific FSM method, ISO 19761 standard (COSMIC-FFP). In section 3, metrology-related concepts are identified in the design of COSMIC-FFP; in section 4, measurement process-related concepts are described; and in section 5, measurement instrument-related and measurement results-related concepts using an RUP/COSMIC-FFP-related software prototype tool are presented. Section 6 contains a summary of this analysis of COSMIC-FFP with respect to metrology, along with some concluding observations.
Overview of VIM and COSMIC-FFP

Metrology -VIM
Metrology is the science of measurement [7] and includes the set of methods designed to perform the measurements and to provide a sufficient level of confidence in the measurement results. To carry out a measurement, it is necessary to compare an unknown quantity with a quantity of the same kind which has become a reference through quantification by a measuring instrument. Metrology encompasses all aspects of measurement (theoretical and practical) according to a measurement method design and in all domains of science and technology.
Six categories of metrology concepts are described in ISO VIM [7] : 1. Quantities and units 2. Measurements 3. Measurement results 4. Measuring instruments 5. Characteristics of the measuring instruments 6. Measurement standards -Etalon Our initial modeling of the interrelated terms of this vocabulary, organized by category as above, is presented in Appendix A, either in the form of process models where appropriate, or in structured tables when the interrelated terms are, for instance, enumerative. In particular, the expression "topology of concepts" has been used to highlight the existence of links between related concepts. In this paper, we use the models and tables in Appendix A extensively to analyze not only the design of the COSMIC-FFP measurement method, but also the application of this FSM method.
Two of the six metrology categories of concepts are related to some aspects of the design of measurement methods, that is: "quantities and units" and "measurement standards -etalon". The other four categories are related not to the design of a measurement method itself, but rather to the application of a measurement design with a measuring instrument and to the quality characteristics of the measurement results provided by this measuring instrument (including the inherent related degree of uncertainty of the measurement results).
Overview of COSMIC-FFP
Software size can be assessed either by measures of length (for example, lines of source code in a module, pages in a requirements specification document) or functionality (for example, function points). Functional size measures can be derived directly from the specifications and can be obtained fairly early in the development life cycle, which makes them useful both for planning purposes and during the whole project life cycle.
The first generation of FSMs was developed in the late 1970s, followed by a large number of variants. It is only in the early 2000s that a second generation of such measures has emerged and been rapidly adopted as an international standard [10] : ISO/IEC 19761: 2003 COSMIC-FFP: A functional size measurement method. This FSM method is based on the application of a set of models, rules, and procedures to a given piece of software, as it is defined from the perspective of its Functional User Requirements -FURs. By design, the measurement results provided by this method are independent of the technology. This ISO FSM standard is suitable for measuring various types of software (business application software, real-time software or Webbased and Internet applications, and so on), independent of technologies, development, and implementation decision approaches. By design, and in conformity with ISO 14143-1 [9] , the standard is independent of the implementation decisions embedded in the operational artifacts of the software to be measured and excludes both the software quality and technical characteristics.
COSMIC-FFP takes into account that software FURs can be decomposed into a set of functional processes, and that each of these functional processes constitutes a unique set of data movements and/or data manipulations (Fig. 1) . The COSMIC-FFP software model distinguishes four types of data movement: entry, exit, read, and write, as identified in the context model (Fig. 2) . By convention, all data movements move data contained in exactly one data group. Entries move data from the user across the boundary to the inside of the functional process; exits move data from inside the functional process across the boundary to the user; reads and writes move data from and to persistent storage.
In COSMIC-FFP, each data movement is assigned a single unit of measure of 1, which is, by convention, equal to 1 Cfsu (Cosmic functional size unit). The total size of the software being measured corresponds, therefore, to the addition of all data movements recognized by the COSMIC-FFP FSM method. See [1, 10] for the detailed measurement rules. 
Quantities and units
The first analysis focuses on the design of COSMIC-FFP using the set of metrology concepts on "quantities and units", as described in Table A .1 of Appendix A. The results of this analysis are presented in Table 1 . As can be observed from Table 1 , the design of COSMIC-FFP allows quantification of a (measurable) quantity (that is, a movement of a single data group in a functional process) in well-defined units (that is, Cfsu). However, the COSMIC-FFP standard does not yet include any derived measure, and its system of quantities comprises a single base quantity, that is, the Cfsu itself.
The symbol for the base COSMIC-FFP quantity is the visual representation of "Cfsu", and this symbol is used to represent the unit of measurement, or 1 Cfsu. In the current state of the art for FSM, there is again only one unit of measurement, that is, there are no derived or off-system units.
It should be noted next from Table 1 that there are not yet either multiples or submultiples of a unit of measurement (like kilograms or centigrams). This lack of multiples and submultiples applies to the other ISO-recognized FSMs as well. Similarly, in COSMIC-FFP, there is only one level of granularity and formally recognized conventional reference scale, which is the level of a single data group movement, no matter how many attributes there are within this data group. The COSMIC Guide [1] recognizes, however, that some measurers might want to define their own -nonstandardized -finer levels of granularity (for example, at the level of data group attributes); however, there is not yet a consensus on this topic, and therefore there is not yet a basis on which to develop an international consensus for such a measurement convention.
In the last section of Table 1 , the analysis of the set of concepts related to "value" (of a quantity) is more complex because, in our opinion, it includes concepts related both to the measurement method design and to its application in specific instances. Finally, a "conventional reference scale/reference-value scale" represents particular quantities of a given kind, an ordered set of values, continuous or discrete, and is defined by convention as a reference for arranging quantities of that kind in order of magnitude. In COSMIC-FFP, this concept corresponds to the scale of a movement of a data group (entry, exit, read, and write, abbreviated by convention as "E" for entry, "X" for exit, "R" for read, and "W" for write). Each movement of a data group has a size of 1 Cfsu in COSMIC-FFP. There is, of course, a standard definition of what is recognized as a "data group" by COSMIC-FFP. In addition, it represents a discrete set of values composed of E = X = R = W = 1.
In COSMIC-FFP, the "numerical value" of the software to be measured corresponds to the addition (in the same software layer) of the individual values assigned to each identified movement of a data group. This addition provides the "numerical value" of the software to be measured. In short, "numerical value" and "conventional reference scale" are explicitly defined in the COSMIC-FFP standard [10] .
Measurement standards -Etalon
In measurement for the sciences and for engineering, it is taken for granted that there should exist "measurement standards -etalons" for calibrating and verifying the measuring instruments and to ensure the consistency of measurement results across individuals, organizations, and nations. However, this metrology concept has not yet been discussed in the software measurement literature, nor has it been the focus of attention of practitioners. In software measurement, what could be close to this concept, and its related sub-concepts in Table A .4, are the case studies documented for a few of these software FSM methods.
Analysis of Measurement with COSMIC-FFP
In the VIM, the term "measurement" refers to the category of terms for the "set of operations" required to obtain a measurement result (see also Fig. A.1 ), and this is instantiated through the generic measurement process described in Fig. A.2 .
This figure illustrates, with the use of a graphical representation of a process, different concepts related to the concept of "measurement". It should be noted that, in metrology, the "quantity to be measured" by means of a set of operations (and a measuring instrument) is also called a "measurand", that is, the input quantity that is applied to a measuring instrument (Fig. A.2) .
As described in Fig. A.2 , a measurement procedure requires, as input, a measurand, which corresponds in COSMIC-FFP to the FURs, and produces a measurement result which represents a numerical value of functional size. An instantiation of a measurement procedure for a specific measurement includes an operator to carry out the measurement process (here, the measurer), the measurement method itself (here, the standard method), and the influence quantities (here, conditions that could influence/ bias measurement results). The operator corresponds to the user of the method (the measurer). The COSMIC-FFP measurement method is explicit, and the influence quantities include, for example, user skills, capability of the given documentation to perform measurement, allocated time, etc.
In COSMIC-FFP, the quantity to be measured (the "measurand"), as determined by the software users through the functional requirements (FURs), will be transformed through the prescribed set of logical operations to provide a numerical value (a number representing software functional size). This number is associated with a size unit (Cfsu) to represent the measurement result (numeric value).
In the ISO standard for COSMIC-FFP [10] , the standardized definitions of the concepts relevant to this method are specified in Clause 3, while the logical sequence of operations described as "measurement activities" are specified in Clause 6. In our opinion, these definitions and measurement activities should meet the metrology concepts for "principle of measurement" and "method of measurement" defined in the VIM [7] . However, these two VIM concepts, which correspond to the foundations of a measurement from a metrology perspective (Fig. A.1) , are not described in finer levels of detail in the VIM with a view to verifying whether or not there is a full correspondence, in the COSMIC-FFP standard, of their underlying subconcepts.
It should also be noted that, in the software measurement literature, the concepts of "measurement signal" and "transformed value" are not discussed explicitly. Even though these two sets of terms are not discussed in the ISO standard [10] , they are explicitly presented and discussed in the COSMIC guide for the implementation of the ISO 19761 standard [1] : they correspond to the set of concepts included in what is categorized as the "mapping phase" between the documentation of the FURs and their mapping to COSMIC-FFP. In an explicit way, this COSMIC guide [1] prescribes that the transformed value be obtained by the following sequence of operations:
"The measurer should identify the boundaries of the software to be measured, identify all functional processes, triggering events and data groups, map them in the software context model using the COSMIC rules, identify the layers, identify the data movements in each function process and sub-process, and determine the COSMIC size measurement by adding the results." [1] .
A summary of these correspondences of measurement metrology concepts in COSMIC-FFP is presented in Table 2 . 
Analysis of COSMIC-FFP Measuring Instruments and Measurement Results
To explore the metrology concepts relevant to the measuring instruments and measurement results, we use as a case study the prototype of COSMIC-FFP developed in the RUP-Rational Rose environment, as described in [4] .
Measurement standards -Etalon
In scientific and engineering (and also commercial) environments, measurement is normally carried out using measuring instruments which are calibrated from reference standards/etalons. As illustrated in Fig. A.3 , for example, the "measuring chain" represents the series of elements of a measuring instrument or system. In [4] , the equivalent of a measuring chain is described as including the path of the measurement signal from the input as an FUR description of the Use Cases, the measurement prototype itself, and the output as the measurement results. More details of the mapping of this case study are presented in Table 3 .
The notion of the measurement scale is also within the set of concepts related to the measuring instruments, and includes a dozen subconcepts, as illustrated in Fig.  A.7 . However, the application of these metrology concepts essentially depends on the presence of multiples and submultiples of a unit of measurement. Again, in the current state of the art of software FSM, these subconcepts are not present and therefore cannot be discussed here. 
Measurement results
In all measurement instantiations, a measurement result is usually associated with a measurement uncertainty, because, in practice, no perfect measurement process exists. Measurement uncertainty is defined in metrology as a parameter characterizing the dispersion of the values that could reasonably be attributed to the measurand, that is, the interval centered on the measured value and in which it is very probable that the true value and the conventional true value will be found. In the current state of software FSM knowledge, the true value is generally obtained by consensus among measurement experts. The difference between the results obtained by a measurer (or by a measuring instrument) and by an expert represents the error.
In [4] , the measurement results of a case study are presented; however, it is a small-scale case study only for the purpose of demonstrating the technical feasibility of the automation concept of the COSMIC-FFP standard in the RUP/Rational Rose environment. To obtain statistically significant results with information about the concepts included in the detailed topology of measurement results, much larger case studies will be required. Details of the mapping of this case study are presented in Table 4 . Revised measurement results, after addition of missing information
Mode of verification of results
Accuracy of measurement
In [4] , this characteristic is only tested with a small-scale case study. There are not enough cases to obtain significant statistically quantitative knowledge of this characteristic Repeatability A software tool normally provides the same results in repeatable conditions (needs to be verified by further experimentation) Reproducibility Same as above Uncertainty of measurement and 8 other related concepts
Characteristic not yet explored
Characteristics of measuring instruments
We have modeled the "characteristics of measuring instruments" from both the quantitative and qualitative viewpoints described in Table A .3.
Quantitative viewpoint
In the COSMIC-RUP prototype [4] , several quantitative metrology concepts can be observed: for example, in the description of its operational conditions (that is, the FUR must be modeled according to an RUP process based on UML formalisms) and of its boundary conditions (that is, the prototype currently deals with only one software layer at a time). Further mappings are presented in Table 5 . 
Qualitative viewpoint
In the COSMIC-RUP prototype [4] , the results of the analysis between the qualitative viewpoint of "characteristics of measuring instruments" from Table A .3 are presented in Table 6 . It must be noted here that the mappings with the concepts of the functionality test (use errors and control errors), and even the measuring range or working range concepts (nominal range, span, and nominal value) have not been explored, since the appropriate experimental conditions were not available. (See Table A.3 for the list of related metrology concepts). There is a time interval between the instant of the stimulus and the instant of the response Accuracy of a measuring instrument This was analyzed with only one case study, which was a smallscale one. More case studies should be constructed and the results analyzed to determine the accuracy of the results measured by the prototype, and under which set of conditions Accuracy class (class of measuring instruments)
Not yet investigated
Freedom from bias Not yet investigated Repeatability
The prototype provides the same value for the same conditions of measurement
Summary and conclusions
In software engineering, the analysis of software measures is usually discussed from the perspective of measurement theory. We have proposed an approach here for the analysis of some aspects of the strengths of software measures based on our modeling of the set of metrology concepts documented in the ISO International vocabulary of basic and general metrology terms (VIM). This was illustrated using one specific FSM method recognized as an ISO standard: COSMIC-FFP (ISO 19761).
The paper has documented the metrology concepts addressed in this ISO standard, either in the design of this measurement method or in some of its practical uses. In summary, it was observed that:
• On the one hand, the design of the COSMIC-FFP method covers a majority of the metrology concepts described in the VIM dealing with the design of measurement methods; • On the other hand, much larger-scale case studies will be required for the study of the characteristics of measurement instruments as identified in the VIM. Measurement is recognized as a fundamental concept in engineering and provides the information required to make key project decisions and take appropriate action. A very large number of software measures has been proposed to industry to describe the various characteristics of software in a quantitative manner, and much work remains to be done in the study of both the design of software measurement methods and the characteristics of measuring instruments for software measurement instrumentation in industry.
Indeed, most of the metrology concepts related to measuring instruments still have to be adequately explored by software engineers. It is suggested that the full set of metrology concepts documented in the VIM be used as criteria to analyze the strengths of other software FSM methods, as well as of other software measures suggested to industry. 
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